Rearrangements of anaplastic lymphoma kinase (ALK) gene in non-small cell lung cancer (NSCLC) define a molecular subgroup of tumors characterized clinically by sensitivity to ALK tyrosine kinase inhibitors such as crizotinib. Although ALK rearrangements may be detected by reverse transcriptase-PCR, immunohistochemistry or fluorescence in situ hybridization (FISH), the optimal clinical strategy for identifying ALK rearrangements in clinical samples remains to be determined. We evaluated immunohistochemistry using three different antibodies (ALK1, 5A4 and D5F3 clones) to detect ALK rearrangements and compared those with FISH. We report the frequency and clinicopathologic features of lung cancers harboring ALK translocations in 594 resected NSCLCs (470 adenocarcinomas; 83 squamous carcinomas, 26 large cell carcinomas and 15 other histological subtypes) using a tissue microarray approach. We identified an ALK gene rearrangement in 7/594 cases (1%) by FISH and all anti-ALK antibodies correctly identified the seven ALK-positive cases (100% sensitivity), although the intensity of staining was weak in some cases. These data indicate that the use of antibodies with high sensitivity and avidity to ALK may provide an effective pre-screening technique to complement the more expensive and labor-intensive approach of ALK FISH testing.
Lung cancer remains the leading cause of cancer mortality worldwide. 1 Non-small cell lung cancer (NSCLC) accounts for over 85% of lung cancer and is associated with 5-year survival rates of 15%. 2 This reflects the small proportion of patients that present with potentially curable early stage disease, as well as the poor outcomes with conventional chemotherapy or radiotherapy for the majority of patients who present with advanced disease. Recognition of the molecular heterogeneity of NSCLC has led to the identification of molecular subgroups. The clinical benefit of identifying and targeting molecular drivers in NSCLC was first evident in the case of tumors with activating mutations in the epidermal growth factor receptor (EGFR) gene where seven randomized studies have shown the superiority of EGFR tyrosine kinase inhibitors over chemotherapy (reviewed in refs [3] [4] [5] . Recently, rearrangements in the anaplastic lymphoma kinase gene (ALK) have been identified in a subgroup of NSCLC which have proved to be exquisitely sensitive to therapy with ALK tyrosine kinase inhibitors.
ALK is a member of the insulin family of receptor tyrosine kinases, and is typically expressed at low levels in regions of the central nervous system. 6 ALK may be activated in cancer through multiple mechanisms including rearrangements, as is the case in anaplastic large cell lymphoma and inflammatory myofibroblastic tumor or through mutation and amplification as in neuroblastoma (reviewed in ref 7) . In NSCLC, ALK activation is typically caused by a chromosomal rearrangement that results in a fusion of the 3 0 kinase domain of ALK with various truncated portions of the (N-terminal) echinoderm microtubule-associated protein-like 4 (EML4) gene and its associated promoter. 8, 9 EML4, is a cytoplasmic protein necessary for correct microtubule formation, belonging to the family of echinoderm microtubule-associated protein-like proteins. 10, 11 The oncogenic activity of EML4-ALK comes from ligandindependent dimerization and subsequent constitutive activation of the ALK kinase domain with subsequent effects on proliferation, migration and survival. 12 Mouse models where EML4-ALK is expressed specifically in lung epithelial cells, develop hundreds of adenocarcinoma nodules in both lungs soon after birth, which are eradicated following administration of an ALK inhibitor. 13, 14 Other less common 5 0 fusion partners have been described including kinesin family member 5B (KIF5B), TRKfused gene (TFG) and kinesin light chain 1 (KLC1). 8, 15, 16 ALK rearrangements have been reported to occur at frequencies that range from 0.4 to 15% in NSCLC, 7, 17 although some series include selected patient populations likely to be enriched for ALK rearrangements. Most series, however, report an incidence of around 3-4% in unselected NSCLC populations. EML4-ALK rearrangements occur in adenocarcinomas that often show solid, acinar or signet ring histologic patterns. 18, 19 ALK rearrangements have been commonly reported in patients who are younger and never or light smokers and are generally wild type for EGFR and KRAS mutations. 20, 21 However, the clinical and pathologic features of ALK-positive NSCLC overlap significantly with ALK-negative NSCLC.
NSCLC tumors with ALK rearrangements demonstrate marked sensitivity to treatment with ALK tyrosine kinase inhibitors. In clinical trials with crizotinib in NSCLCs with ALK rearrangement partial response rates of 51-61% were seen in association with rapid symptom relief and improved quality of life leading to approval of crizotinib for this indication by the US FDA in August 2011. 22 A recently reported phase III study has demonstrated a doubling of progression-free survival compared with standard chemotherapy in previously treated ALK-positive NSCLC. 23 The activity of crizotinib in ALK-positive NSCLC highlights the need to test for and identify ALK rearrangements to select appropriate patients for ALK-directed therapies.
ALK fluorescence in situ hybridization (FISH) is currently the gold standard method and is the only FDA-approved method for detecting ALK rearrangements. However, because of the low frequency of ALK rearrangements and the high incidence of NSCLC, routine testing for ALK-positive tumors using only this method may not be feasible, because of cost, required expertise and the labor-intensive nature of performing and interpreting the test. Immunohistochemistry is potentially a useful technique to pre-screen cases for ALK FISH testing, reducing the burden of FISH testing to a manageable number. We evaluated the feasibility and validity of using immunohistochemistry for large scale pre-screening of NSCLC tumors to complement FISH testing. We present a large-scale multicenter study of ALK testing in resected lung cancers comparing three different commercially available ALK immunohistochemistry antibodies in comparison with ALK FISH using a break-apart probe. 
Materials and methods

Patient Cohorts
FISH for ALK
All cases had interphase FISH performed for ALK rearrangement using the Vysis LSI ALK Dual Colour, Break-Apart Rearrangement Probe (Abbott Molecular, IL, USA). This probe detects rearrangements in 2p23 encompassing the ALK gene, which includes a SpectrumOrange labeled 250 kb DNA fragment telomeric to ALK (3 0 end) and a SpectrumGreen labeled 300 kb DNA fragment centromeric to ALK (5 0 end). The probe set does not identify the specific rearrangement gene partner. Tissue microarray sections cut at 3 mm were stained for ALK FISH according to the manufacturer's instructions. Signals were counted in at least 50 tumor nuclei per case using an epifluorescence microscope (Zeiss, Oberkochen, Germany). FISH for ALK locus rearrangement was considered positive if at least 15% of cells analyzed showed either a split of one set of red and green signals greater than two signal widths apart, and/or if loss of one green signal (5 0 probe) had occurred 27-31 as per Abbott Molecular scoring criteria. A positive control consisting of an independently validated lung tumor confirmed by FISH to be positive for ALK rearrangement was included. Negative controls included an independently validated lung tumor confirmed to be FISH negative for rearrangement and non-tumor lung tissue.
Immunohistochemistry for ALK
Immunohistochemistry was performed on TMA sections, cut at 4 mm, using three different antibodies to ALK. The Dako mouse monoclonal ALK1 antibody CD246 (Clone ALK-1, M7195, Dako, Glostrup, Denmark) was used at 1:50 dilution overnight at 4 1C and performed manually with the Envision FLEX þ Mouse (LINKER) detection system (Dako). Heatinduced epitope retrieval was performed using pH 9.0 buffer (Dako) in a pressure cooker for 2 min at 124 1C. The Novocastra mouse monoclonal antibody p80 ALK (Clone 5A4, NCL-ALK, Leica, Wetzlar, Germany) was used at 1:25 dilution for 52 min. Staining was performed using the UltraView DAB universal detection kit (Roche, Basel, Switzerland) including an Amplification Kit (Roche), and was performed on a Benchmark ULTRA autostainer (Roche). The Cell Signaling Technology rabbit monoclonal ALK XP (Clone D5F3, 3633P, Cell Signaling Technology, Danvers, MA, USA) was used at 1:100 dilution for 24 min. Staining was performed using the OptiView DAB Immunohistochemistry Detection kit (Roche) with an Amplification kit (Roche). Positive controls included lung tumor confirmed by FISH to be positive for ALK rearrangement. Negative controls included lung tumor confirmed by FISH to be negative for rearrangement as well as non-tumor lung tissue. Expression of all ALK antibodies on each tissue microarray tissue section was assessed and scored independently by two experienced pulmonary pathologists (WC and PAR) blinded to clinicopathologic information and the results of ALK FISH. Each pathologist scored each TMA tumor core semiquantitatively by determining the percentage of tumor cells with cytoplasmic staining and the intensity of cytoplasmic staining, as follows: 1 þ , weak/faint cytoplasmic staining; 2 þ , moderate cytoplasmic staining; and, 3 þ , intense cytoplasmic staining. Cases with 1 þ , 2 þ and 3 þ staining were regarded as positive and cases with no staining were regarded as negative. In cases with a discrepancy in immunohistochemistry scoring, two pathologists reviewed the cases in conference and a consensus score was established.
Statistical Analysis
Clinicopathological features were compared using Mann-Whitney U-test for continuous variables and Fisher's exact test for binomial variables using IBM SPSS statistics version 21 (IBM, Chicago, IL, USA). P-values o0.05 were considered significant.
Results
Clinical and pathological characteristics of the cohorts studied are shown in Table 1 (Table 2) . Among pure adenocarcinomas, 6/478 (1%) showed an ALK rearrangement. One of the FISH-positive cases showed a predominant signal pattern of deletion of the 5 0 region (nuclei with a single red signal in addition to a fused signal), whereas the remaining six cases showed a break-apart signal pattern, where one fusion signal and a single red and green signal pattern was observed. A further case showed a subtle split signal pattern that was o2 signal distances in separation and thus categorized as technically FISH negative, as per Abbott Molecular scoring criteria. 27, 32 
ALK Immunohistochemistry
Of the 594 cases assessable by immunohistochemistry, cytoplasmic expression of ALK was observed in 13/594 (2%) cases with the ALK1 antibody (Dako), 18/594 (3%) cases with the 5A4 antibody (Novocastra) and 13/594 (2%) cases with the D5F3 antibody (Tables 2 and 3; Figure 1 ). All other cases as well as normal bronchus and peripheral lung tissue showed no immunoreactivity. All three antibodies stained ALK rearranged cases (100% sensitivity; Table 4 ) as well as 6-11 additional cases that were ALK negative that varied with different antibodies. The specificity was high among all three antibodies (98-99%), however, positive predictive values were 39% for 5A4, and 54% for ALK1 and D5F3 (Table 4) . Negative predictive values were 100% for all three antibodies. The 5A4 and D5F3 clone antibodies produced stronger staining intensity of ALK rearranged cases compared with the ALK1 antibody (Table 3 and Figure 1 ) with D5F3 showing strong 3 þ staining in 4/7 FISH-positive cases with less background staining than the other antibodies while ALK1 showed mostly weak staining. However, the intensity of staining ranged from very weak to strongly positive even with the 5A4 and D5F3 clones (Table 3) . Heterogeneous staining was noted among multiple TMA cores from the same case, ranging from 1 þ staining to negative in some cores. The one case that was technically FISH negative but showed subtle signal separation, displayed immunoreactivity with all three ALK antibodies, with staining ranging from 1 to 2 þ . One ALK FISHnegative case displayed very focal 3 þ (8%) staining with the D5F3 antibody but was negative with the other antibodies.
Clinical and Histological Characteristics of ALKPositive Tumors
The seven ALK immunohistochemistry and FISHpositive cases consisted of three acinar predominant adenocarcinomas, two papillary predominant adenocarcinomas, one minimally invasive adenocarcinoma and one pleomorphic carcinoma (comprising 60% solid predominant adenocarcinoma and 40% giant cell carcinoma). Focal signet ring cell morphology was seen in three of the cases and a Total  7  587  7  587  7  587 focal cribriform pattern was seen in four cases. Four of the six pure adenocarcinoma cases showed coexpression of TTF1 and TP63, with strong and diffuse TTF1 staining and weak-to-moderate patchy nuclear TP63 staining. The other two pure adenocarcinomas expressed TTF1 but lacked TP63. The pleomorphic carcinoma showed no expression with either TTF1 or TP63, but showed positive staining with alcian blue-PAS/D indicative of mucin in the solid adenocarcinoma component. The case that showed a narrow, technically negative split signal and ALK immunohistochemistry positivity displayed positive TTF1 staining and was negative for TP63 staining. ALK rearranged cases were typically younger (Po0.002) and more likely to be female (P ¼ 0.015, Fisher's exact test). Four of the ALK rearranged cases were never-smokers (57%), two cases had a history of smoking (29%) and one case had unknown smoking status. All ALK rearranged cases were wild type for EGFR and KRAS.
Discussion
Identification of ALK rearrangements in patients with NSCLC is critical to direct patients to therapy with highly effective ALK tyrosine kinase inhibitors such as crizotinib. Although there are three major methodologies to identify ALK rearrangements in clinical tumor samples including FISH, immunohistochemistry and reverse transcription-PCR, FISH has been the method used to identify patients for clinical trials with ALK inhibitors. However, FISH suffers from a number of limitations and when used as a single modality to screen large populations may not represent the most efficient approach from a logistic or cost-effectiveness perspective. 33 In this context, we present the largest multi-center study to date to assess ALK rearrangement in NSCLC evaluating immunohistochemistry with three different ALK targeting antibodies including the ALK1, 5A4 and D5F3 clone immunohistochemistry antibodies in comparison with FISH. These data reveal that ALK rearrangements occurred in a small subset (approximately 1%) of lung adenocarcinomas (or NSCLC with an adenocarcinoma component) in an Australian population with resected lung cancer. Although ALK rearrangements have been reported to occur in a range of 0.4-15% of NSCLC, 7,17 the frequency of ALK rearrangements in comparable populations from the United States (8/305;3%) 21 and Canada (3/273;1%) 34 is similar suggesting an ascertainment bias in many other series. However, we cannot exclude geographical variations or differential incidence in early vs advanced disease as an explanation for the low frequency of ALK rearrangements observed in our cohort.
When high-affinity antibodies are used with a highly sensitive detection method, ALK immunohistochemistry may provide an effective prescreening technique to complement ALK FISH testing. If used in a routine setting, ALK immunohistochemistry could reduce the number of cases requiring ALK FISH testing, which is a more expensive and time consuming technique that requires considerable expertise. If ALK immunohistochemistry using the 5A4 antibody was undertaken, for every 100 adenocarcinomas requiring determination of ALK status, FISH testing would only be required in three cases (3%), of which one would be expected to be positive. The time saved to perform and interpret three FISH tests vs 100 would also be substantial. Other advantages of using immunohistochemistry as a screening tool include the detection of dysregulated expression regardless of the specific fusion gene, it allows for simultaneous morphological comparison, and it can be rapidly integrated into the routine laboratory workflow. ALK testing requires stringent internal quality controls including appropriate use of ALK-rearranged lung cancers as positive controls as well as participation in external quality assurance programs that assess performance of ALK testing. Quality assurance measures are crucial to ensure a sufficient standard of staining quality and accurate interpretation to minimize false positives and negatives, which could lead to inappropriate treatment choices and detrimentally effect patient care. 35 The early studies evaluating ALK fusion immunohistochemistry reported limitations of sensitivity, describing an absence of immunoreactivity in ALK fusion positive NSCLCs. 29, 36 In addition, immunohistochemistry can be hindered by poor fixation, variability in staining protocols, limited expertise by pathologists and can be hampered by small biopsies containing minimal tumor cells. 27, 37 However, many subsequent studies reported that ALK immunohistochemistry is a highly sensitive method with a significant correlation with ALK FISH using a number of antibodies including the ALK1, 5A4 and D5F3 clones. 15, 19, 28, 31, 34, [38] [39] [40] [41] Apart from our study, only one prior group has investigated the performance of all three antibodies in the same patient population, 34 in which they found a very similar incidence of ALK rearrangement (1%) and one false-negative result using the ALK1 antibody. Many studies have reported ALK immunohistochemistry as a useful method for confirming ALK translocation by FISH. 42, 43 In fact, a novel ALK fusion gene (KIF5B-ALK) was discovered following detection using an immunohistochemistry-based method. 15 Differences in antibody staining intensity have also been reported, 28, 34 which is validated by the data presented here, with the 5A4 and D5F3 clones showing higher staining intensity than the ALK1 clone.
One important observation of clinical importance from our study is that even low intensity immunohistochemistry staining can be associated with ALK FISH positivity, suggesting that cases with any staining intensity should be referred for confirmatory testing with ALK FISH. Unlike anaplastic large cell lymphoma, where there is typically strong nuclear and cytoplasmic expression of ALK protein associated with the commonest ALK rearrangement, 6 in NSCLC the expression is more modest and cytoplasmic. In addition, our observation of heterogeneity of immunohistochemistry staining between cores of the same tumor suggests whole sections of tumors may be more representative and caution may be required when interpreting ALK immunohistochemistry in small biopsy samples where there may be a potential for falsenegative immunohistochemistry.
Interestingly, one case in our data set that was technically FISH negative but with narrow signal separation was positive with all three ALK antibodies. A case report in the literature 44 has also described a novel EML4-ALK rearrangement that was ALK FISH negative but immunohistochemistry positive, identified using next-generation sequencing. For the case we describe in our study, clinical response to crizotinib is not known, as this patient died some years ago. However, in light of a recent report of a patient whose tumor was positive with the 5A4 clone (Novocastra) and ALK FISH negative but showed dramatic clinical response with crizotinib, 45 further research into the sensitivity of patients with ALK immunohistochemistry-positive, ALK FISH-negative tumors to crizotinib is needed. Furthermore, it has been reported that the subtle signal separation because of the chromosomal inversion producing the EML4-ALK translocation variant 1, confirmed by reverse transcription-polymerase chain reaction, is more likely to be missed by FISH. 46 Wallander et al 46 reported that only 1/9 (11%) of variant 1 cases were designated positive by three FISH viewers. Sensitivity and specificity was increased following a combination of scoring FISH break-apart signals that were less than two signal distances apart, and increasing the cutoff to 420% of cells with positive FISH signal patterns.
In conclusion, ALK immunohistochemistry is a valuable and cost-effective screening method that can help to enrich for cases with ALK rearrangement. However, it is important to appreciate the limitations of immunohistochemistry, which include staining heterogeneity, variable or subtle cytoplasmic expression, and the need for highly specific protocols for lung tissue. Effective routine immunohistochemistry screening depends on the use of appropriate controls, standardized protocols with careful selection of antibody and detection method, and ongoing quality assurance procedures to ensure accurate identification of ALK rearranged lung cancers. With these procedures in place, a suggested strategy could involve screening of all non-squamous lung tumors with ALK immunohistochemistry. Positive immunohistochemistry cases, or negative cases with clinicopathologic features indicative of higher pre-test likelihood of ALK rearrangement, for example, patients who have never smoked with advanced NSCLC of adenocarcinoma histology and EGFR and KRAS wild type (36% of this enriched population are reported to be ALK rearrangement positive 33 ), or signet ring or mucinous histologic features, 19, 29, 47, 48 could be evaluated using ALK FISH. The use of these integrated rigorous molecular screening methodologies may enable accurate, efficient and cost-effective identification of lung cancer patients likely to benefit from targeted anti-ALK therapies.
